Sphincteric deficiency is the most common cause of urinary incontinence in humans. Various treatments have lead to disappointing results due to a temporary benefit. Recent studies raised the possibility that sphincteric deficiency could be treated by implanting skeletal myoblasts. In the present study, we developed in the female rat a model of chronic sphincteric defect to assess the benefit of myoblast injection. Sphincter deficiency was induced by freezing, longitudinal sphincterotomy, and notexin injection, respectively, to obtain a reproducible and irreversible incontinence. Autologous tibialis anteriors were cultured to be injected in the best model. Functional results were evaluated by measuring the urethral pressure with an open catheter. Histology was performed in the excised urethras. Of the three techniques, only longitudinal sphincterotomy caused definitive incontinence by irreversibly destroying the striated sphincter muscle fibers: a 45% decrease of the closure pressure was observed 21 days after the sphincterotomy. At this time, we injected myoblasts at the sphincterotomy site. In the sham-injected group (n = 18), the closure pressure decrease was not significantly modified 21 days after injection. By comparison, a return to near normal value was observed after cell grafting (n = 21). These results and those obtained by others strongly suggest that the use of myoblasts could be a potential innovative therapy for urethral deficiencies leading to incontinence. 741 742 PRAUD ET AL.
INTRODUCTION
colema and the extracellular matrix (12, 18) . They contribute to the growth of the striated skeletal muscles during infancy and to regeneration following injury in Urinary incontinence is a major health issue due to its cost and the dramatic impairment of quality of life.
adults (25) . After extraction from muscle samples, muscle progenitor cells can be cultured in vitro (3). If these At the turn of the century, more than 70 million humans were afflicted with severe incontinence worldwide (29) . cultured cells are grafted in normal striated skeletal muscle, they fuse with host muscle fibers to form mosaic The two main causes of urinary incontinence are obstetrical traumas and pelvic surgery (mainly for prostatic fibers (21) or to regenerate new fibers when the muscle is previously destroyed (2) . When such MPCs are grafted cancer), which lead to aponeurosis and muscular injuries (20) . These injuries could result in partial denervation into the bladder and the urethra they survive at least 70 days (6, 30, 33) . It was hypothesized that these cells could or direct lesion of the striated urethral sphincter (19) , but it seems that primary myogenic damage plays a restore the function of an irreversibly damaged striated sphincter and this paradigm was positively tested in rats prominent role (28) . Moreover, during the ageing process, apoptosis of the striated muscle fibers plays its suffering urethral denervation (15, 32) , which was the first model of experimental incontinence. Other interest-own role and is correlated with their decreased density (27) .
ing models of sphincter damage were also described as simulated birth injury caused by inflating a balloon in Striated skeletal muscle of mammals is composed of multinucleated fibers due to the fusion of mononuclear the vagina, which induces the stretching of the pudendal nerve and an ischemic necrosis (17) , or surgical electro-muscle cells provided by the division of self-renewing progenitor muscle cells. After birth these progenitors-coagulation of a hemisphincter, which creates irreversible destruction of nerve endings and sphincteric myo-also called satellite cells-are located between the sar-fibers (31) . All these models cause striated sphincter bladder apex. The free extremity of the first catheter was then positioned in the proximal part of the urethra 2-3 damage in relation to nerve injury. Surgery seems to give consistent results in incontinent women since the mm below the urethra-bladder junction under a microscope. Saline was allowed to run in this catheter and introduction of the Burch and the TVT techniques (10) . The application of these cell therapy protocols on the filled the bladder until the pressure in the U-shaped tube was in equilibrium with the closure pressure, at which striated sphincter of incontinent patients seems to be an excellent way to explore using an experimental sphinc-time saline no longer flowed in the bladder. The saline column height resting in the tube was read on a millime-teric damage.
The first aim of this study was to compare three di-ter scale parallel to the tube and recorded manually. The zero value of the scale was located at the lower part of rect lesions of the external striated sphincter (i.e., the injection of the myotoxic agent notexin; local freezing; the U-tube and was positioned before each measurement at the level of the meatus. After measurement, the inci-longitudinal microsurgical section of the external striated sphincter) by means of physiological and histologi-sion of the bladder was sutured. cal evaluation. The female rat was chosen due to easy Striated Sphincter Injuries access to the entire length of the urethra, allowing urethral pressure measurements. The second aim of the The urethra was visualized as described; the bladder apex was pinched with a forceps and externalized. One study was to test the injection of skeletal myoblasts on the continence of female rat after microsurgical section of the following injuries was applied to the external striated sphincter. 1) Freezing of the proximal part of the of the external sphincter, which gave the best result in the establishment of chronic incontinence due to an irre-urethral wall was performed by applying the tip of a haemostatic forceps chilled in liquid nitrogen for 10 s. versible disruption of the striated sphincter without damage to the other urethral structures. The grafted group
The forceps was applied to six points of the left lateral wall of the urethra from the pubic bone to the bladder. was compared in a double-blind protocol to a control group injected with saline. Our results showed that the 2) Longitudinal section of the left side of the striated sphincter above the pedicular fascicle was done in the grafted group was significantly improved in terms of closure pressure.
urethro-vaginal connective space with microsurgical scissors under a microscope from the bladder-urethra MATERIALS AND METHODS junction to the most distal part of the urethra visible Animals behind the pubic bone. Special attention was given to cut only the external sphincter but not the internal one Female Wistar rats weighing 250 g (Centre d'Elevage nor the urethral epithelium. 3) Injection of 10 µl of no-Depré, Saint Doulchard, France) were kept in standard texin (50 µg/ml in PBS, V0251 Sigma Aldrich Chemiconditions in our own facilities: one rat in one 1500-cm 2 cals) delivered with a Hamilton microsyringe (701 N, cage with sawdust, tap water and diet cube ad libitum Hamilton Co.) inserted at the left bladder neck adjacent (A03 chow, SAFE, France), and natural day/night lightto the vagina and longitudinally pushed into the striated ing. All surgical procedures were performed under anessphincter on its whole length. Injection was performed thesia (30 mg/kg pentobarbital, IP) for which the stanas the needle was constantly withdrawn to the point of dard depth was based on the absence of a nociceptive insertion. Notexin is a phospholipase A2 from the venom reflex when pinching the basis of the tail. The animals of Australian tiger snake, Notechis scutatus. Notexin were sacrificed under anesthesia by cervical dislocation.
breaks the sarcolema of the muscle fibers leading to All procedures were conducted according to the Guide their destruction (8, 11 Autologous muscle cells were extracted from the Urethral Manometry right tibialis anterior muscle. After excision, the muscle was washed with PBS, minced with scissors, and incu-The urethral closure pressure was measured in dorsal decubitus by means of an open catheter. After suspubic bated 4 × 10 min with pronase 0.15% in DMEM (Protease EC 3.4.24.31, Sigma). After low-speed centrifuga-laparotomy, the bladder apex was externalized and incised to insert a 18-gauge silicon catheter, which was tion (150 × g, 1 min) the supernatant was centrifuged (800 × g, 10 min) to pellet the isolated cells. The pellets pushed through the urethra until the meatus. Then this extremity was connected to one branch of a sterile sa-were composed of a mixture of cells (myogenic cells, fibroblasts, adipocytes, endothelial cells, etc.). To ensure line-filled vertical U-shaped glass tube and the other extremity was free in the bladder. The bladder was emp-the preferential growth of myoblasts, about 100 frozen cells/cm 2 were seeded onto 10-cm-diameter dishes with tied through a second short catheter inserted through the DMEM Ham-F12, 20% FCS, and 2% ultroser (v/v) more extensively 7, 14, 28, or 42 days after injury in groups of six rats. and expanded in this proliferation media. Before grafting, cells were counted on a Malassez unit using Hoechst Effect of Myoblast Injection on Urethral Closure 33342 staining (1/5000, Sigma). Their myogenic lineage Pressure. In these experiments, 60 rats were randomwas determined by desmin immunolabeling (DERII, Noized in two groups (grafted and a sham) by drawing lots vocastra, 1/100).
with equilibration at four. The person who performed surgery and pressure measurements was blind to the Myoblast Injection drawing lots, which were done by the person who per-Myoblasts (10 µl) suspended in DMEM solution or formed the cultures. At day −2 the right tibialis anterior DMEM solution alone were injected with a 10-µl Hammuscle was excised in all animals but muscle cell exilton syringe. The needle was inserted at the bladder traction was only done in the grafted group for culture. neck and pushed to the pubis bone in the striated sphinc-At day 0, all the rats were measured for closure pressure. ter at the site of the section injury. The injection was This measurement was followed by a longitudinal secdone while the needle was gently pulled back. The numtion injury of the urethral sphincter at the left urethralber of injected cells ranged from 10 4 to 4.5 × 10 5 cells.
vaginal angle. Twenty-one days later (D21), a second measurement of the closure pressure was done. This Excision of the Sphincter and Histology measurement was followed by an injection of either au-The pubis bone was opened with Mayo scissors to tologous myoblasts or of saline solution. Twenty-one visualize the whole urethra. The urethra and the anterior days after the injection (D42 after surgery), the closure vaginal wall were excised. The specimen was fixed perpressure was recorded for the last time and the urethral pendicularly to a piece of cork with tragacanth gum, frosphincter was excised for histological examination. zen in isopentane chilled with liquid nitrogen, and stored at −80°C. Cross-sections (7 µm thick) were cut every Statistical Analysis 100 µm with a cryostat from the meatus to the bladder.
The results of the urethral pressure are presented as Some sections were coated on coverslips to be hematoxthe SD around the mean. In the first experiment, which ylin-eosin stained. The others were transferred to 3compared injuries, a paired t-test was done on preinjury aminopropyl-triethoxysilane-coated (Sigma) glass covand postinjury mean closure pressures recorded on the erslips for immunohistochemistry of dystrophin, and same rat. In the second experiment, a one-way ANOVA developmental myosin heavy chain (MHCd) to detect evaluated the effect of time on closure pressure. A regenerated myofibers (7) . Briefly, after mouse serum paired t-test applied on the preinjury, postinjury, or postblocking, sections were incubated with Novocastra injection mean closure pressures gave the impact of the monoclonal antibodies DYS2 (1/50) or WB-MHCd (1/80) injections of saline or cells. To assess continence, we and revealed with Texas Red-or FITC-conjugated goatcalculated the ratio of the closure pressure measured in anti-mouse antibody (Southern Biotech, 1/500). The cell-grafted animals to that measured in saline-injected Hoechst 33342 blue fluorescence of injected nuclei was animals (G/S ratio). A paired t-test was applied on the observed directly. preinjury, postinjury, or postinjection G/S ratio. All calculations were done with the Graphpad software. The Experimental Designs significant threshold was 0.05. Research of the Appropriate Urethral Lesion. In this first experiment, animals were randomized in three RESULTS groups: six received a local freezing, seven received a Comparison of Injuries (First Experiment) striated sphincter section, and six received an injection of notexin. The injury that gave the most noticeable in- Figure 1A presents the pre-and postinjury mean (± SD) closure pressures in the freezing, section, and no-continence was determined on the basis of the mean urethral closure pressure measured before, 7 and 14 days texin-injected groups. At day 0, they were identical in all the groups. Seven and 14 days later the closure pres-after injury, and on the following histological criteria: (a) aspect of the lesion (location, muscle fiber density, sure decreased significantly after freezing but returned to normal value at day 28 PO. The section gave a signif-presence of fibrosis); (b) extension of the lesion along the sphincter as given by the percentage of sections with icant decrease of the pressure at day 14 and 28 PO. Notexin groups did not show impairment in the postopera-damaged fibers; (c) lack of spontaneous muscle regeneration. Damaged fibers were compared to those of normal tive days. The longitudinal section of the external striated sphincter appeared to be the best lesion, giving urethral striated sphincter. In a second set of experiments, the time course of the most reliable lesion (i.e., a permanent reduced closure pressure. In a second experiment ( Fig. 1B) we observed such a reduction up to longitudinal section, see Results section) was studied The histological aspects of normal urethral external 2G). Fourteen days after notexin injections, there was a unilateral decrease in muscle fiber density (Fig. 2H ). In sphincters ( Fig. 2A, B) , which are composed of striated fibers organized in fascicles (23), were compared to that some rats the presence of centronucleated fibers in the injected side indicated fiber regeneration (Fig. 2I ). From of injured sphincters. Fourteen days after urethral freezing, striated fibers were more scarce at the site of the these results, we concluded that the best injury to assess the putative positive effect of the injection of myoblasts frozen urethral wall without evidence of fiber regeneration (Fig. 2C, D) . Calcifications of the urothelium and was the longitudinal section of the external striated sphincter. of smooth muscle fibers were observed in all rats. Seven days after a longitudinal section of the external urethral Injection of Myoblasts (Second Experiment) sphincter, inflammatory cells had infiltrated the site of the lesion (Fig. 2E ). Infiltration had virtually disap-Autologous Cell Phenotype. At the proliferative state, the cells presented a spread-out aspect during in-peared by day 14 and muscle fibers disappeared almost completely and were replaced by moderate fibrosis (Fig. terphase and a round aspect during mitosis (Fig. 3A) . To obtain 2 × 10 5 cells, five successive expansions were group/saline group ratio of the mean pressures at D0, D21, and D42. There was no difference in the closure pressure needed. When cultured in 2% FCS medium, the cells differentiated and fused in myotubes 3 days later ( Fig.  at D0 and D21 between the two groups. The decrease between D0 and D21 was similar in saline-injected (8.2 ± 3B); 88% of the proliferative cells expressed desmin, a filamentous protein specific of the myogenic lineage 1.1 vs. 5.1 ± 1.0 cm H 2 O) and grafted (7.9 ± 1.1 vs. 4.5 ± 1.0 cm H 2 O) groups (p < 0.001). At the end of the (Fig. 3C ). After the myotube formation, the number of nuclei (stained with Hoechst 33342) incorporated in my-experiment (D42), the mean value of the closure pressure measured in the grafted group (7.3 ± 1.6 cm H 2 O) otubes expressing MHCd (Fig. 3D ) was counted to calculate the ratio of these nuclei to the total number of was significantly higher than the D21 value (p < 0.001) but was not statistically different from the D0 value, in-nuclei (the fusion index). This ratio was at least 90%, confirming that a high number of the cultured cells were dicating a return to a near normal value. On the contrary, in the saline-injected group, the D42 value remained low of myogenic lineage.
(5.7 ± 1.6 cm H 2 O) and was significantly different from the D0 value. The G/S ratio calculated at day 42 was Time Course of the Closure Pressure. Figure 4A shows the mean values of the closure pressure in grafted significantly greater than that of day 0 (p = 0.02), indicating that the pressure remained low in the saline-injected and saline-injected groups before the sphincterotomy (D0), at the day of the injection (D21), and 21 days later group. The injection of myoblasts in the deficient striated urethral sphincter improved the closure pressure. (D42). Figure 4B show the mean values of the grafted Histology of the Urethra After Pressure Recording.
the intravesical pressure that exceeds the continence mechanism, resulting in the leakage of urine (1) . In this All the muscles were examined for light and fluorescence microscopy at the end of the experiment. In 50% study we measured the closure pressure of the urethra with an open catheter in anesthetized rats. This measure of the saline-injected urethras injury consisted of a lack of the striated fibers in the anterior part (Fig. 5A) . The was done directly at the level of the sphincter, leading to an evaluation of the contraction strength of smooth edges of the striated muscle appeared thicker than in normal muscle, suggesting a retraction of these fibers. and striated muscles needed to avoid leakage of urine. The closure pressure corresponding to the urethral resis-The other urethras showed a focal lateral injury. As expected, Hoechst-positive nuclei were not detected in this tance obtained in decubitus after laparotomy was around 8 cm H 2 O with a tight distribution. The level of anesthe-group. In the grafted group, most of the urethras showed a focal lateral lesion (Fig. 5B ) and the others a large sia was identical in all rats and the use of barbiturates did not impair this measurement, despite the inhibitory anterior lack of striated fibers as was observed in the saline-injected group. In one quarter of the grafted ure-activity on the spinal interneurones that regulate the reflexes of continence. This method represents an im-thras, nuclei stained by Hoechst 33342 were detectable as clusters in the interstitium, revealing the injection site provement of earlier evaluations in rodents using chromatography film on the bottom of the cage (13, 17) . Film (Fig. 5C ). In this area, dystrophin-positive fibers were observed (Fig. 5D ). In addition, developmental myosin measurements are strictly qualitative and, in case of incontinence, the urine spots are distributed randomly on heavy chain was detected in the injected cells clusters (Fig. 5E ). These data suggested the formation of regen-the film instead of at one end of the cage. proposed to measure the abdominal leak point pressure DISCUSSION (ALPP), defined as the lowest abdominal pressure that led to leakage of urine at the meatus. These measure-To research innovative strategies to treat urinary incontinence, we need an animal model suffering a ments were performed in a supine (24) or a vertical position of the animal (15) . Both methods obtained a pres-chronic incontinence and a reproducible method to assess the leak point pressure. The leak point pressure is sure of about 20 cm H 2 O in the noninjured animals.
we grafted autologous myoblasts to avoid any rejection. Survival of injected cells in this context avoids the cell disappearance observed in heterologous grafts (4,26). We assessed the improvement of the closure pressure in a double-blind study 21 days after injection. A decrease of the mean closure pressure following sphincterotomy was similar in the control and the grafted groups. Twenty-one days after the graft of myoblasts or saline injection, the distribution of the results around the mean was larger than in the earlier measurements in both groups. This was probably due to the heterogeneity of the injury induced by the use of a Hamilton syringe needle for injection. The saline-injected group showed a plateau of its closure pressure values at the time of injection, and 21 days later the grafted group showed a highly significant improvement. But this result is difficult to explain by the histological observation of injected cells. The functional improvement resulting from the injection of myoblasts would result either from a bulk effect (15) or from the regeneration of new myofibers leading to the restoration of functional motor units (32). By staining the cells with Hoechst 33342, we were not able to determine which hypothesis is correct. In some cases, cells survived at the site of the injection, resulting in a possible bulk effect without proliferation or sarcoma Another hypothesis is the incorporation of the injected cells in intact or regenerated myofibers. Such incorporation would increase the strength of the muscle due to the synthesis of more contractile proteins. The Most of the previous incontinence models involved denervation (reversible or definitive) and/or ischemia of observation of myofibers expressing the developmental myosin heavy chain isoform sustained this hypothesis. the striated sphincter. Because our goal was to study the feasibility of muscle precursor cell transfer in the stri-In a previous work, we assessed this hypothesis by injecting muscle precursor cells engineered to express the ated sphincter of a urethral sphincter insufficiency model, denervation and/or ischemia, which can limit the green fluorescent protein (GFP) in intact urethras (22) . We observed GFP-expressing cells from 2 h to 10 days participation of transplanted cells in the regeneration of the host tissue, would not be suitable (9) . The model of after the injection. Later (days 14, 30, and 90) myofibers of the external sphincter expressed GFP, suggesting an striated fiber transection of the urethral sphincter described in this study seems more useful in muscle pre-incorporation of the injected cells in the striated sphincter. Similar results were obtained by injecting engi-cursor cell transfer studies as an alternative to existing treatments for urinary incontinence (5, 6, (14) (15) (16) (30) (31) (32) (33) (34) (35) (36) . neered cells in divided sphincters (data not shown).
In conclusion, we showed that the injection of autolo-The majority of previous studies demonstrated the survival of injected cells (mainly skeletal striated my-gous skeletal myoblasts in a longitudinally divided urethra resulted in an improvement of the closure pressure oblasts) in the urethra or the bladder environment. Two studies (15, 32) visually evaluated the closure pressure in measured directly by means of an open catheter. Taken together with previous results, it can be suggested that the rat by filling the bladder with saline while the pressure was continuously recorded. In one case (15) , stress the injection of these cells could be a potential treatment for urinary incontinence resulting from urethral sphinc-urinary incontinence was simulated by dividing the pudendal nerve bilaterally. In the other case (32), electro-ter insufficiency. coagulation of the urethra resulted in an irreversible in-ACKNOWLEDGMENTS: This study was supported by the jury. In both studies, rats injected with muscle precursor Fondation de l'Avenir (grant ETO-01) and the Association cells showed an improvement of the leak point pressure of the bladder 4 weeks after injury. In our experiment 
